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WaS  T^  ^ *^™ However, when the  surface  layer was eliMnated bv r?  the/roP0"ional  lirnit. 
llffllt war restored  to its  original value      Th^7/!^'1011'  the P^PPVLionnl 
hardening  is confined mainly In the surf«.    ^        T  ShOW that  the ^k 
of dislocations  in Fe-3Si  steel was    nvestwT* C^ etCh pit  ^«tribution 
f^f-nee of slip  step8  ln untrlated and SILEI; J^  threSh0ld  Stre8s  for  ^he 
20U-T6 was  determined.     The percent of Jsl™ ff ^^^"^ns of aluminum 
2014-T6 which are stressed to varies vafLs 1       K™6

' f" 8Pecim^  of aluminum 
treatment on the  threshold  stress  inter s^vf!/^n6^60'    The effect  ^ SSLE 
diametral gage  to measure  the surface  W        . Steel WaS established.    A 
manufactured. SUrface  lQyer st"ss  of notched specimens was 
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FOREWORD 

This report was prepared by the Denver Division ol Martin 
Marietta Corporation under U. S. Amy Contract DAAG 46-70-C-0102 
The contract is sponsored by the Advanced Research Proiect Agencv 
under ARPA Order 188-0-7400 and is being administered by the Army 
Materials and Mechanics Research Center, Watertown, Massachusetts 
with Dr. Eric B. Kulas AMXMR-RMi serving as Technical Supervisor.' 

This project has been accoirplished as part of the ü. S. Army 
Manufacturing Methods and Technology Program, which has as its 
objective the timely establishment of manufacturing processes, 
techniques or equipment to insure the efficient production of' 
current or future defense programs. 
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ABSTRACT 

i      ^,in ProPortional li»it after cycling was observed for 
aluminum 2014-T6. Cycling below the endurance limit increases the 
proportional limit. However, when the surface layer was eliminated 
by relaxation, the proportional limit was restored to its original 
value. These data show that the work hardening is confine.1 mainly 
in the surface layer. The etch pit distribution of dislocations in 
Fe-3Si steel was investigated. The threshhold stress for the appear- 

2mA Tfi sllP/fP^V^ted and SSLE treated specimens of aluminum 
2014-T6_was determined. The percent of grains deformed in specimens 
of aluminum 2014-T6 which are stressed to various values was observed. 
The effect of SSLE treatment on the threshhold stress intensity for 
4130 steel was established. A diametral gage to measure the surface 
layer stress of notched specimens was manufactured. 

i    i 
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I.  INTRODUCTION 

Under this contract we are investigating the effect of surface 
layer on the rate of crack propagation and based on this knowledge 
we propose to improve the crack propagation resistance of metals 
During the ?ast year it has been shownd) that orlatlL* aZ B    * 
layer elimination   CQQTT7% *.  ^    , prestress and surface 
J-ayer elimination (SSLE) treatment decreases the rate of crack oro- 
pagation in titanium (6A1-4V), 4130 steel and aluminum 2014-T6  ?he 
measurements were carried out under plane stress as well as under 

It rea^^th^^^ ^ ^^^J^^^^r'1 

^^T^l^^1 —" 0f —kS  - -ry  impo^tlr * 

fatigue cycling failures  has been formulated   (2>    TM7K^ !u    / 5 
based upon duloc.tlon reaction, that^e" iace „ShÄ'^äce" 

»ould decrease the fracture toughness and Increase the rate of crack 
propagation      This statement follows from the fact that In prfctlcallv 
all cases,  the crack passes through the surface.    Normany/d"^    * 
fracture    considerable plaetlc deformation occurs In the «,i5 a«.. 
the,      "'«'«»rtac. and as a result the crack propagation rate at 
these sites Is less than that In the Interior      Th)- HT*« 

the crack profile to have a thu"h„L shape    •Anyrld'etSrjrdu0«8" 
Uty in the surface layer by embrlttlemen? «11 re^ee thTfreeSre 



toughness.     The  decrease  in the  ratP  of 
surface  layer  is   reduced  follows  ?he   L   "K'U   

pi:0Pa8ation when the 
fatigue  life.     When  the  snecimln. behavior as  that  of the 

surface  layer is  removed Pldoe    not rTfl?**3*^ the  **^S 
of the notch or crack Is approxi^te eaualtn^" *? StreSS ^ ^nt 
"PS"    --Uy  the  reformation of ^^X-^^^ 

e  Ps  "   'sJ e. is  the presLress>    ^^^^^   ^ ^-^ 

F     Lea  cnat   the   improvement  in the cr^-k  -   „•   . 
^ low .K values and the ^.^^-^ ^--ran^'^^Li. 

II. 
-^mmmAL^ESULTS AND DISCUSSION 

in thDeUrssnL,:trieSa?:ernt^ The^h^rdjff^  ^ ^^^  Evolved 
in Fe-SSi steel was   investigated      ktlu^^ 0f def^mation bands 
fter cycling was  observed for ai, J        o^P  ln ProPortional  limit 
for the appearance of slip steps  in "T    ^f6'    The ^reshhold stress 
of aluminum 2014-T6 was dete^Jned      rul      ^ *** SSLE treated specZL 
when specimens  of aluminum mlX\rTstltTT 0f 8rainS defo^d 

was observed.     The effect of SSLF  .-    V Sed  t0 different values 
intensity ,or 4130 stee    was e 'abSheT^A0?-'^  threshh^d stre s 
the  surface   layer  stress  of notched  s^ 

di&™t™l gage   to measure 
mens with suitable  stress concentration fT ^ ^^^^ured.     Speci- 
"achlned out of titanium (6ASV)      TLJ '      S Were designed and 
detail. a-L 4V''-     These  topxcs are described  in 

A. 
ETCH PIT DISTRIBUTION  IN SILICON IRON 

h^^^^^-t-^r^irS^l^tr-T  ^ —- -nsity KltajltnaW  rep0rted th dislocaM      ^ micioScoPic techniques. 

Single crystals was  highest at  the  Lr^ea^fS 0f Strained -PP- 
to a constant  value after a denth  J    u nd the daisity decreased 
reported a  surface  layer of about 50 m^ 50"100 miCr0nS-     S^^ 
These values agree with those obtJnefbvT " def0rmed KC1 "VstiU. 
stress.     Vellaikal and Washburn(5)   "fl^ ,I'easu

J
rin8 the surface  layer 

ine copper plastic  flow occurred firs^ ^T** that in P0^ryStal- 



copper crystals and, by an electrochemirpl w -„ k • 
specimens 0.003 inches thick. He reported hat th  'r* CUt OUt 

the strained specimens were softer tEan that of th! tT ^"^ 0f 
would imply that the iniMai fi   I        that of the bulk. These data 

kindly donated a oiece of ^i iiP     Fe-3Si steel. They have 
Tcm = ,-i     .a a  piece of their alloy approximately 3" v 2" v n s" 
lensile specimens w^ro mariQ  TU  J  L    . "•'■''*7.J * ^ x U.D . 

annealed It  iS^V^'u^ V^Äa^coÄ S'^0; ^ 
The specimen was successively stressed to th   8   room1

temPerature. 
at higher stresses followld by agingat isj'c UlT^Hl  ^ and 
specimens were then polished and ^h!J • M     

0 minutes- The 
deformation bands  ?he Morr^ c il        ^  "J"1' solution to reveal xuu uanas.  ine Morns solution consists of 7 rr of H o oc 

was polished to  remove 0 001 in trrl*u        ^8ure !• The specimen 

I. »bservad that thell"^!^ ^^r^'AJ-'^; " specimen wi:S DUIIPH •-« i»/ „i  4.-     .    luu<-" reauced.  The same 
The *isl0^^t^^£^J>y^ *** aching. 

whe^h   "surface  is^movlr'Th      ^  f^ dislocati- d-sity is reduced 
Plastic  strainraged^nd etched      ilTiT^lT* ^^ ^^ t0  ^ 
The specimen was p'olished t^ove 0 003  in    frL'^T t/1**** '' 
etched.    We observe  that r*mnJ      lu . 0m the  surface and re- 
of dislocation binds      Thus  ?t^ Tff'  layer decreases the  density 
defonned,   .he di^ottion^band d^^^itj1- fr^ ^Irthr^^f"66?  ^ than in the bulk. greater  in  the  surface  layer 



B. EFFECT OF CYCLING ON THE  PROFORTION4L LIMIT 

Ih. Speclme„s had" *ZlT^IT^tlTX^ f "'f"» «^ 
length of 0.3  in      Bofnr«  ******      ll ' and a uniform gage 

at  760OG for two'hours      The sL"8- 3pecimens -"a annealed  in Vacuum 
fluoric acid unti^th^'dia^t    "aTrL^d ifltol  ? ^^^ 
was conducted  in an electrohydraulic Machine ^s?      rl'    ^ teStin8 

limit of the  species was measured  iHn InsSn^J      Pr0P0rtional 

extensometer was mounted across  thp  «L!? ins5ron testln8 machine.    An 
mans were cycled  in teLion^pr    s  o'n bX thr^n"  ^T*     SpeCi- 
stress of + 55 Ksi for 3 and 5 mnUoa cyc^ th?h!

ndur^ce limit " a 
out at 20 cycles per second      Fnl W       ^ies'   ,Th« cycling was  carried 
was  eliminated by^U^t^ for 2 Zf ^llt^ ^ ^^  ^ 
the Instron machine and the proportional  1^1°**** ^ PUlled  in 

portional  limit was  122,000 pslZdlTldZ*™ meaSUred'    The pr0- 
mental error,  as  the value of  IIQ  11/        ■    u      e Same' within experi- 
has not been cycled!    Lother  sn!' PS1 ohtained for a specimen which 
and was allowed  to relax for 6 d^ys      TL

33
  

CyCled.for 3-5 ^^n cycles 
specimen was  123,106 psi. y P^Portional  limit of this 

speci^nJ^tTsotrind^t^S KsT88 T* ^^ ^^ «^ 
observed that^he  surface  Uylr Jt««.  J        ^ Mf1«5«« ^     ^  is 
number of cycles      If th!  ulll ^creases  linearly with  the 
number of cycles  to  faUure    'he'" eXtrapolated  ^ ^ which  is   the 
Psi.     Thus It  is  shown  that  CvclinrrSPOndin8 ^^    f0r  's   is 35>000 
and when the surface  layer stress reach^3368 ^ SUrfaCe  llyer St^SS 

the  specimen fails. eaCheS a Value etJual  to 35,000 psi. 

C     DEFORMATION OF ALUMINUM 2014-T6 

SSLE^rea'tme^t^So"8-'0 ^V^ the *">***i**»  Evolved in the 

metalL^hic'-ob e' ^ioL0' Ttl^•2014-T6 ^ POliShed ^^ 
stress  levels and oblerveS™Jn   Spec

u
lmenf,were stressed to various 

lines.    The pn™nZtlrt£?^Fl*piiL?lty for evidence of slip 

to various .^T^l^XfLT^ f* Tt^Z " ^ 
as  the stress  is  increased above ? Ksi    fhln^    ll  1S ob

c
Sex™2 that 

formed rapidly  increases.    The effect of SsJ^.8" 0f 8rainS de- 

"o„al unlt (6o u nrsi.sj rrj^tÄT- 



surface and the specimen was stressed incrementally until slip lines 
appeared. The stress at which slip lines appeared ( a^) was 46 Ksi. 

This procedure was repeated and the value of a     as a  function of 

depth was determined.  It was made certain that adequate amounts of 
surface had been removed so that slip lines corresponding to the 
previous deformation disappeared. The data are shown in Figure 6. 
The data show that the surface region is work hardened to a greater 
extent than the interior of the specimen.  In addition, stressing to 
the proportional limit work hardened the interior so that the thresh- 
hold stress increased from 5 to 34 Ksi. 

The effect of prestressing on the threshhold stress for single 
crystals of aluminum was also investigated. Dog bone shaped specimens 
of single crystal aluminum were presetressed to 1100 psi. The speci- 
mens were then polished to remove 0.002 in. and the threshhold stress 
for the onset of slip lines was determined to be 900 psi. After removing 
0.003 In. from the surface, the threshhold stress reached a plateau at 
800 psi and no further decrease was observed with continued removal as 
shown in Figure 7. 

D.  THRESHHOLD AK 

It has been shown previously that SSLE treatment decreases the 
rate of crack propagation. The minimum AK below which the initial 
flaw does not propagate up to a million cycles has been defined as 

th' The effect: of SSLE  treatment on the AK  value of 4130 steel 

was investigated. For the SSLE treatment of 4130 steel, the specimens 
were prestressed to 120.5 Ksi and the surface layer was eliminated by 
relaxation. Center notched specimens which have been previously des- 
cribed were used. The initial flaw which was 0.2" long was put in 
with a jeweler's saw.  In the SSLE treated specimens, the flaw did 
not start even up to 1 million cycles, while in the untreated specimens 
the initial crack started to propagate after 200,000 cycles at a stress 
of 4,250-17,000 psi. 

E.  SURFACE LAYER STRESS FOR NOTCHED SPECIMENS 

(2) 
In previous work   the surface layer stress has been measured on 

smooth specimens and no data are available on notched specimens. We 
consider information of the behavior and values of the surface layer 
in front of cracks and notches important to the understanding of crack 
propagation. Relaxation methods will be used to measure the surface 

IH 



layer stress since the chemical removal method would alter the size 
and shape of the notch. Tensile specimens of titanium (6Al-4\0 have 
been prepared which have notch concentration factors of about 3. The 
specimens will be strained and then allowed to relax.  The difference 
between the maximum stress during the preload and the initial flow 
stress after relaxation will be taken as the surface layer stress. 
The strains will be measured with a diametral gage and the load will 
always be below that which causes extension of the crack. 

The diametral gage has been manufactured and received.  It con- 
sists of jaws which fit right into the hotch. Two lever arms transmit 
the change in diameter at the grips to a LVDT. The diametral gage is 
being checked out for operation. 



REFERENCES 

1»  I. R. Kramer and A. Kumar "TU~  T CI 

Surface Layer on CraTVrL*l^< "Tn*  0f Enviro™ent and 
Report, Contract F44 "o-el'^OO«11 1      ^clic^^or,"  Annual 
Research. 69-C-0065, Air Force Office of Scientific 

2.  I. R. Kramer and A. Kumar  "Tt,~ vcc 

Deformation and G^ack Pro' Jt on "^  f ^T ^  0n Plast- 
DAAG 46-70-C-0102, Army Satfrials andT"^.131 Rep0rt' Contract 
Watertown, Massachusetts 02172      Mechanics Research Center. 

3- S. Kitajima, H. Tanaka and H. Kaiada, Trans JIM, 10, 1o  (1969). 

4' ^.^^r^^^r^rr "^  
5. G. Vellaikal and J. Washburn, Journal Appl. P^., ^ 2280 (1969) 

6. R. J. Block and R. M. Johnson, Acta Met., 17, 299 (1969). 

7. T. Fourie, Phil. Mag. 17, 735 (1968). 

8. I. R. Kramer, Trans. Met. Soc. 230, 991 (1964). 

9'    Ll'J^L^l "j™  and A- R- ^senfield. E.^ri^ental 

I ; 



2! 



 OUT 

> 
o 
E 
<U 

Ql 

S_ 
01 

4-5 
»f- 

>S. CM 

CO    o 

x> 
(U 
CO 
to 
(U 
i- 
+i 
CO 

0) 

00 

co 
I 

cu 

o 
+» 

r| 
4J    T-l 

C -r- 
o to 
••- $» 
4J +J 
«J CO u 
O Ä« 

r— rH 
M 



10 

■w: 00 
o o 

o 

> 
o 
E 
<U 

S- 

CO 

< 

E 

J3 

O 
o 

p— 0 <u 0 
01 CM 

4-> •-» 
00 X 

ipa a; oo u 
fO «n M- 

1 S- 
0) -1 

Uu oo 

»»"   <a 

o   c 
+J nj 
3 s- 

-Q +•> 
•r- </0 
i- 

+J !« 
(/I m 
•r- • 
O r-i 

c 0 
0 -M 
•r- 
+J TJ 
«O ai 
O w 
O (/) ^— 0) (/) t. 
Q   (O 

CO 

0) 

o> 



11 

) - - 

— -i— -i  

— 

— 

4( — —   

  

35 — 1 
V 
> 

L. Nf 

30 7 ^ __ 

— u j— > y 
—_ 

25 rr±9 
0 ksi y ^ 

~i >— / 

A-— 

t/) 
Mi 

.   20 y / 
t3 

—i 
I J K' 

15 ____ —t 1  ,. / 

r 

1 ^ 
y 

a •■ 
1     T 

■ ±80 ksi 

10 l J 7^   

/ * 

1 

Note:    Nf denotes the number of cycles N t 

failure.    The cycling was done at a 
stress of ±80 and ±90 ksi. 

0 

/ 

f 

—Fl Jt y 
5 - 

A ^: 

r 
— 

y y i 

i 2 3 4 5 6 7 A Q 

i 
N (lO") Cycles 

Figure 4   The Increase in Surface Layer Stress „, 
s with Cycling for Titanium (6Aä-4V) 

■ I 



12 

30 

Stress,a, ksl 
60 

Figure 5 Deformation of Grai 
ns as a Function of Stress 



13 

_ _v 
» —1 0 

e 

i 
 t 

  

_   00 

_  io 

rH 

CM 
rH 

c 

o      

o 
f-l 

X < 

00 

'S- 

M 

 a 

5 
1 
na 
§8 

 c 
Z3 

*»— 

O 
U3 

5°. 
(o o 
E io 

I« 
01    <o 

c 

V) 

M 
in 
Si    r—m .. 

Sp
ec
im
en
 
1 

Sp
ec
im
en
 
2 1. 

-e
sh

ol
d 

St
re

ss
 
fo

r 
Pi

as
 

Jr
 
Pr
es
tr
es
s 

Aa
 
20

14
-T

6 

■a 
B 
Ol    t )X 

M'         II ] 
S*3 

?r  
4- (U 
O  U 
= 42 
O i- 

1 
J. 3 5 ._ 

01 o II 
 y. 

g 
3 

! 

•r- 

^      ( 

—ö- 
o o 

in § O 
crt o o o 

ts>| .4?, 



14 

'^ — r 

-   C 

- 

  

^e
 
de

pt
h 

of
 
su

rf
ac

e 
re

mo
va

l 
s 
de

no
te

d 
by
 
AX
. 

1 

-   t> 

       . 

-   M. 

1 

I— 

• • 
4-> 
o 

•p- \s> 

1 

( ) 
  

«* 

—■ i 
CO 

<! 
1 

    

/ 

/i 
CM 

j\ 
i—i 

l 
CM 
i-H 

™     o 00 up ^- tNJ 
 1— 

O 

X 

-c: :-> 
O- 
o» 
Q 

-C   to 
+J   CL 

*s 00 
c o 
O >-l 

•Jj II 
E    oo 
O   Ö 

«f- 

o . 
(/I o ^- 

•i- to 
4J 4-> 
V5   I/) i& 

Q- O 

i- <u 
O r— 

B 
«/)  T- 
i/) oo 
(U 
S-  E 

■I-»   3 

•p— 
■O E 
r—   3 
O ►— 

■C <C 
</) 
<U   I. Cp 

0) X 

<4-   0* 
o o 

c «»- 
O i- 

•c- 3 
■•-> (/> 

<a 
■i-  <u 

(O +J 
> 

E (11 o 
^: s- 
l—f- 

0) 
f. 
3 

isd (zoi) we 


